The interaction of the Eph family of receptor protein tyrosine kinase and its ligand ephrin family induces bidirectional signaling via the cell-cell contacts. Although most previous studies have focused on the function of Eph-ephrin pathways in the neural system and endothelial cells, this process also occurs in epithelial and cancer cells, of which the biological involvement is poorly understood. We show that ephrin-B1 creates an in vivo complex with adjacent claudin1 or claudin4 via the extracellular domains of these proteins. The cytoplasmic domain of ephrin-B1 was phosphorylated on tyrosine residues upon the formation of cell-cell contacts, possibly recognizing an intercellular adhesion of claudins. Phosphorylation of ephrin-B1 induced by claudins was abolished by the treatment with 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo [3,4-d]pyrimidine, an inhibitor of the Src family kinases. Moreover, overexpression of ephrin-B1 triggered consequent change in the level of cell-cell adhesion depending on its phosphorylation. These results suggest that ephrin-B1 mediated the cellcell adhesion of epithelial and cancer cells via a novel Eph receptor-independent mechanism.
Introduction
The members of the Eph receptor family can be classified into two groups based on their sequence similarity and preferential binding to a subset of ligands tethered to the cell surface either by a glycosylphosphatidyl inositol anchor (ephrin-A) or a transmembrane domain (ephrin-B). The transmembrane ligand ephrin-B1 has been shown to be phosphorylated on tyrosine residues following contact with the corresponding Eph receptor ectodomain, and to have a receptor-like intrinsic signaling potential leading to transduce reverse signaling (Holland et al, 1996; Bruckner et al, 1997) . At present, two major mechanisms are known to transduce signaling from ephrin-B1 (Kullander and Klein, 2002; Murai and Pasquale, 2003; Poliakov et al, 2004) . The receptor-induced tyrosine phosphorylation of ephrin-B1 recruits Grb4 SH-adaptor protein. Since Grb4 has three SH3 domains, it could link ephrin-B1 to a vast array of signaling molecules ). Ephrin-B1 also contains PDZ-binding motif at the carboxyl-terminus, which mediates signals by association with proteins, including some phosphatase and GTPase-activating protein of heterotrimeric G proteins (Torres et al, 1998; Lin et al, 1999; Lu et al, 2001; Palmer et al, 2002) . Although Eph receptors and ephrins play essential roles for proper axon pathfinding in the nervous system, some members of the Eph receptors and their ligands are expressed in epithelial cells. For example, EphB2, EphB3 and ephrin-B1 are reciprocally expressed along the crypt-villus axis in the small intestine, which controls the cell positioning along the crypt axis (Batlle et al, 2002) . Moreover, the overexpression of Ephs and ephrins is reported in various tumors of epithelial origin (Brantley-Sieders et al, 2004; Surawska et al, 2004) . However, the biological significance of Eph/ephrin in epithelial cells or carcinomas is still poorly understood.
When ephrin-B1 is overexpressed in the embryos of Xenopus laevis at an early developmental stage, the cell-cell adhesion of the blastomeres was significantly reduced, leading to fatal effects for the embryos (Jones et al, 1998) . However, precise identification of the adhesion molecules involved in this phenomenon is still not clear. In order to examine whether ephrin-B1 mediates cell-cell adhesion in the mammalian epithelial cells as well, we established an MDCK cell line, showing the inducible expression of ephrin-B1 through the addition of doxycycline. The MDCK cells expressing ephrin-B1 at a high level tend to loosen the cellcell adhesion when the cells are compared without expressing ephrin-B1. These observations led us to focus on assessing whether ephrin-B1 could be a mediator of cellcell adhesion in epithelial cells. While analyzing the proteins involved in the complex formation with ephrin-B1, we identified claudins, which are the major constituents of the tight junctions of epithelial cells. Tight junctions locate in the most apical parts of the lateral membrane and serve as paracellular barriers to restrict the movement of ions and proteins across cell boundaries. Claudins are tetraspan transmembrane proteins comprising a multi-gene family with more than 20 members, and creating a complex with ZO-1, ZO-2 and ZO-3, which represent plaque structures underlying plasma membranes (Morita et al, 1999; Tsukita et al, 2001) . Moreover, claudins are frequently overexpressed in malignant cells, in which the mature tight-junction strands are not present. However, claudin's functions in such naive-contact carcinoma cells are not clear.
In this study, we describe the physical interaction of ephrin-B1 with claudins. Although ephrin-B1 interacts with claudins on the same cell surface in cis, the tyrosine phosphorylation of the cytoplasmic region of ephrin-B1 was found to be markedly enhanced by the cell-cell contact formation in a manner dependent on claudin. The expression of ephrin-B1 stimulates the paracellular permeability in MDCK cells, which depends on the tyrosine phosphorylation of ephrin-B1. This is the first report to show that the extracellular region of ephrin-B1 associates with a protein other than its receptor in the Eph family kinases. These observations provide further evidence for the possibility that ephrin-B1 inhibits the formation of the tight cell-cell adhesion in a wide variety of epithelial and cancer cells regardless of the existence of cognate Eph receptors.
Results

Claudin interacts with the extracellular domain (ECD) of ephrin-B1
In the attempt to identify the proteins associating with ephrin-B1, we initially screened cDNA library constructed from Xenopus embryos at an early stage of development by the procedure described in Figure 1A . After several rounds of screening of total 5 Â10 4 cDNAs, we isolated several independent cDNAs, which encode proteins coimmunoprecipitated with ephrin-B1. Among them, one clone (#12; Figure 1A ) was almost identical (97% identical in amino acids) to Xenopus claudin4 (CLD4)L1 through the partial DNA sequencing, which is most closely related to CLD4 in mouse and human (Fujita et al, 2002) . Therefore, we focused our study to examine the interaction of ephrin-B1 with CLD4 and also with claudin1 (CLD1), which is most widely expressed in mammalian tissues among the members of claudin family.
To confirm the physical association between claudins with ephrin-B1, coexpression and immunoprecipitation (IP) analysis was first performed in COS1 cells. It was revealed that ephrin-B1 was co-precipitated with CLD1 by the specific antibody ( Figure 1B , lane 1), but not by the normal mouse IgG1 ( Figure 1B , lane 2). This result was further confirmed through experiments using the antibodies in reverse order. CLD1 was co-precipitated with ephrin-B1 ( Figure 1B , lanes 3 and 4, arrowhead). In addition to CLD1, the stable association of CLD4 with ephrin-B1 was demonstrated using similar experiments (Figure 1B, . We also examined the association between endogenous claudins and ephrin-B1 using the HT29 colon cancer cell line, where ephrin-B1, CLD1 and CLD4 are highly expressed. CLD1 and CLD4 were co-precipitated with ephrin-B1 from the extract of HT29 cells using the specific antibody, but not by normal goat serum (NGS) ( Figure 1C , lanes 1, 2, 5 and 6). Furthermore, ephrin-B1 was co-precipitated with CLD1 or CLD4 using the specific antibodies in HT29 cells, confirming a stable level of interaction among these molecules (Figure 1C, lanes 3, 4, 7, 8) . In HT29 cells, claudins and ephrin-B1 were diffusely overlapped in the lateral membrane. On the other hand, in ephrin-B1-expressing MDCK cells, the localization of CLD1 was restricted to the tight junctions where ZO-1 was expressed, while ephrin-B1 showed overlapping, but a wider level of expression along the entire region in the lateral membrane ( Figure 1D ).
In order to determine the region within CLD1, required for the interaction with ephrin-B1, we generated deletion mutants of CLD1. Difference in the binding affinity of the mutants mainly localized at the cell membrane indicates that the cytoplasmic regions of CLD1 were not involved in the interaction with ephrin-B1 (Figure 2A , #1, 6 and 7).
Within mutants localized both in the cytoplasm and cell membrane, the ones possessing the first ECD (ECD1) were tightly bound to ephrin-B1 (Figure 2A, #3 and 8) , whereas mutants lacking this domain failed to associate with ephrin-B1 ( Figure 2A , #2, 4 and 5), suggesting that ECD1 domain of CLD1 is responsible for binding to ephrin-B1. We also generated the same sets of CLD4 mutants with those of CLD1, and revealed that the same domain of CLD4 was necessary for the association with ephrin-B1 (data not shown). These results were further confirmed by the in vitro analysis using GSTtagged CLD1 mutants. The GST-fusion proteins, including each extracellular or cytoplamic domain, were incubated with the lysate of cells expressing ephrin-B1, and the association of the claudin mutant and ephrin-B1 was analyzed. The interaction between ephrin-B1 and CLD1 mutant containing ECD1 (aa 1-103) was confirmed ( Figure 2B , GST-ECD1). A similar experiment for GST-tagged ephrin-B1 mutants was also performed. CLD1 interacted with the ECD of ephrin-B1 (ephrin-B1 ECD), but not the transmembrane and cytoplasmic domains (ephrin-B1 cyto) ( Figure 2B ).
Within the ECD of ephrin-B1, the most amino-terminal region (aa 1-166), ephrin-B1-N was required for the interaction with CLD1, because CLD1 fragment containing ECD1 (CLD1
1À103
, corresponding to #8 in Figure 2A ) binds to ephrin-B1 D167À236 , which lacks a residual region of the ECD of ephrin-B1 ( Figure 2C ). Moreover, the association of ephrin-B1 D167À236 and CLD4 fragment containing ECD1 (CLD4 1À103 ) was also observed by similar experiments (data not shown). Therefore, we concluded that ephrin-B1-N did interact with the amino-terminal region of claudins, including the first ECD. As ephrin-B1-N also contains a region essential for interaction with EphB receptors (Himanen et al, 2001) , we further examined whether EphB2 and claudin competitively bind to ephrin-B1 using EphB2-Fc, which is a fusion protein of the ECD of EphB2 with the Fc region of mouse immunoglobulin. Parent L cells do not express detectable claudins (Furuse et al, 1998) ; therefore, CLD4 was retrovirally transduced in L cells stably expressing ephrin-B1 (L ephrin-B1). When EphB2-Fc was added in the cell culture medium, expression of CLD4 reduced the amount of membranebound EphB2-Fc, which was detected by both immunoblotting (IB) analysis and immunostaining ( Figure 2D ). Moreover, in L cells expressing both ephrin-B1 and CLD1 (L ephrin-B1 CLD1), ephrin-B1, but not CLD1, was pulled by EphB2-Fc, while CLD1 was coimmunoprecipitated with ephrin-B1 from the same cell lysate (data not shown). Therefore, CLD1-bound ephrin-B1 does not seem to associate with EphB2-Fc. These results suggest that EphB2 and claudins may competitively associate with the ECD of ephrin-B1.
Ephrin-B1 is phosphorylated on tyrosine residues in the cytoplasmic domain by the interaction with claudin When ephrin-B1 is stimulated using EphB2, the cytoplasmic domain of ephrin-B1 is highly phosphorylated on tyrosine residues. As the association of claudin and ephrin-B1 depends on their extracellular regions, we subsequently examined whether the phosphorylation of ephrin-B1 was triggered by the interaction with claudin. The coexpression of ephrin-B1 and CLD1 or CLD4 leads to the tyrosine phosphorylation of ephrin-B1 in COS1 cells ( Figure 3A , lanes 2 and 5). However, overexpression of CLD1 mutant, which lacks the binding site with ephrin-B1 (CLD1 DECD1, corresponds to #2 Figure 2A ), was not able to induce the phosphorylation of ephrin-B1 ( Figure 3A , lane 3). Similarly, the corresponding mutant of CLD4 (CLD4 DECD1) did not affect the phosphorylation of ephrin-B1 ( Figure 3A , lane 6). Moreover, the same result was also obtained using another cell line, HEK 293 cells ( Figure 3B ). The phosphorylation of ephrin-B1 through interaction with claudins was also confirmed by the reconstitution experiments using L cells, in which ephrin-B1 is endogenously expressed at a low level. The tyrosine phosphorylation of ephrin-B1 was clearly induced in L cells stably expressing CLD1 (L CLD1) or CLD4 (L CLD4) when compared to the parent L cells ( Figure 3C ). However, ephrin-B1 was not phosphorylated in L cells stably expressing claudins lacking in the first ECD (DECD1) or only the ECD1 of CLD1 or CLD4 (corresponding to #8 in Figure 2A ). These results indicate that the association of claudin with ephrin-B1 is required for its phosphorylation, but the binding region located in the ECD1 of claudin was insufficient to induce the phosphorylation of ephrin-B1. The phosphorylation of ephrin-B1 by claudin took place on tyrosine residues in its cytoplasmic region, because the phosphorylation was almost completely abolished when four tyrosine residues within the cytoplasmic domain of ephrin-B1 were mutated (ephrin-B1 4YF; Figure 4A ). Two tyrosine residues located at the carboxylterminus of ephrin-B1 (Tyr 343, 344) were not the major target of claudin-induced phosphorylation, because the phosphorylation level of ephrin-B1 remained almost unchanged following the mutation of these two tyrosines (data not shown). We next examined whether the claudin-induced phosphorylation of ephrin-B1 was caused by Src family kinases (SFK), known to be responsible for the tyrosine phosphorylation of The lysates from COS1 cells transiently transfected with ephrin-B1 (top) or CLD1 (bottom) were incubated with GST-fusion protein of CLD1 or ephrin-B1 mutants described in Supplementary data 1. GST-fusion proteins were pulled with glutathione-sepharose beads, and the co-precipitated ephrin-B1 or CLD1 was detected by immunoblot. The input of GST-fusion proteins was shown by rehybridization of the filters with anti-GST antibody. The lower band at 25 kDa was observed in some GST-fusion proteins, which might be the degradated product. (C) COS1 cells were transiently transfected with flag-tagged CLD1 1À103 with a wild-type or deletion mutant of ephrin-B1. The cell lysates were immunoprecipitated with anti-flag and then immunoblotted with anti-ephrin-B1 (C18) antibody. (D) L ephrin-B1 were either infected with retrovirus containing recombinant CLD4 plasmid (CLD4 þ ) or mock plasmid (CLD4À), and treated with EphB2-Fc or control Fc at 10 mg/ml for 5 min as indicated. After washing, the cells were either lysed for subjecting to the IB with anti-mouse IgG to detect EphB2-Fc, or immunostained with anti-mouse Fc antibody and TOTO-3 iodide (left and right panels, respectively).
ephrin-B1 by the cognate Eph receptor stimulation. The treatment of the cells with 4-amino-5-(4-chlorophenyl)-7-(t-butyl)pyrazolo [3,4-d] pyrimidine (PP2), an inhibitor of the SFK, was seen to almost completely abolish the tyrosine phosphorylation of ephrin-B1 induced by the coexpression of CLD1 or CLD4 ( Figure 4B ). However, the control 4-amino-7-phenylpyrazol[3,4-d]pyrimidine (PP3) did not exhibit any effect on the tyrosine phosphorylation of ephrin-B1 in claudin-overexpressed cells ( Figure 4B ). Tyrosine phosphorylation of ephrin-B1 in stable lines of L CLD1 or L CLD4 was also inhibited by the treatment with PP2 (data not shown). These results suggest that ephrin-B1 is phosphorylated on tyrosine residues most probably via the activity of SFK following interaction with claudin. As interaction with EphB2 induces tyrosine phosphorylation of ephrin-B1, which in turn serves as the docking site for the Src homology 2 domain (SH2 domain) of Grb4 ), we examined whether claudin-induced phosphorylation of ephrin-B1 also induces association with Grb4. The GST fusion containing the SH2 domain of Grb4 was recruited to ephrin-B1 when ephrin-B1 was phosphorylated through coexpression with CLD1 or CLD4 (Supplementary data 2).
Phosphorylation of ephrin-B1 is significantly enhanced by cell-cell contact formation
The effect of cell-cell contacts on the phosphorylation of ephrin-B1 was then analyzed through the overlay coculture method using stable lines of L cells. L ephrin-B1 were overlaid on the parent cells or either CLD1-or CLD4-expressing cells, while, as a control, L ephrin-B1 cells were overlaid on the EphB2-expressing cells. Although ephrin-B1 was highly phosphorylated through the coculture with cells expressing EphB2, there was no significant phosphorylation of ephrin-B1 by the coculture with L CLD1 or L CLD4 (Supplementary data 3A). These results indicate that claudins do not stimulate the phosphorylation of ephrin-B1 through the mechanism of trans, intercellular association between the two proteins. On the other hand, ephrin-B1 was phosphorylated in L ephrin-B1 CLD1 when cocultured onto CLD1-expressing cells (Supplementary data 3B). Therefore, in response to the intercellular adhesion of claudins, ephrin-B1 may be phosphorylated through the interaction with adjacent claudins in the same cell membrane. We then tested the possibility of ephrin-B1 interacting with claudin in cis on the same cells. In L CLD4, ephrin-B1 associated with CLD4 even when they were plated as scattered single cells ( Figure 5A, lane 4) . The tyrosine phosphorylation of ephrin-B1 was seen to be greatly influenced by the cell density. Ephrin-B1 was highly phosphorylated when L CLD4 were plated at a high density, while it was reduced when the cells were plated as scattered single cells ( Figure 5A , comparing lanes 4 and 6). On the other hand, the phosphorylation level of ephrin-B1 in the parent L cells was low and apparently unchanged by the cell density ( Figure 5A, bottom, right) . In order to examine the effect of the claudin-claudin trans adhesion accompanied by the cellular contact on the phosphorylation of ephrin-B1, the phosphorylation level of ephrin-B1 was evaluated during the dynamic change of the intercellular adhesion. When cell-cell interaction was completely disrupted by the depletion of calcium in the medium, the tyrosine phosphorylation of ephrin-B1 was also abolished ( Figure 5B ). Similar results were obtained in L CLD1 (data not shown). On the other hand, the cell dissociation did not modify the phosphorylation level of ephrin-B1 in the parent L cells (Figure 5B , bottom). In order to exclude the possibility that intracellular concentration of calcium may also have been decreased by the cell incubation with ethylene glycol bis (b-aminoethyl ether) N,N,N 0 ,N 0 -tetraacetic acid (EGTA) and have affected the phosphorylation of ephrin-B1, we performed a control experiment where cells were treated with nifedipine, a blocker of the calcium channel. The decrease in the level of intracellular calcium caused by nifedipine did not affect the status of the association of ephrin-B1 with claudin, nor the phosphorylation of ephrin-B1 (data not shown). Therefore, these results suggest that the phosphorylation of ephrin-B1 through the interaction of claudin was significantly induced by cell-cell contact.
The previous conclusion was further supported by the examination of the intracellular localization of tyrosine- , which were indicated as CLD4 (À) or ( þ ) above the lanes, were grown until confluent. The cells were detached by EGTA, and replated on new dishes either at a low density as scattered single cells or at a high density. Cells were lysed for IP with anti-ephrin-B1 or NGS) which were then subject to IB with 4G10 (pTyr). The membrane was re-hybridized with anti-ephrin-B1 (goat) or anti-CLD4 antibody. The expression of CLD4 in each cell lysate was confirmed by IB (bottom, left). Bottom, right: The tyrosine phosphorylation of ephrin-B1 in parent L cells was examined when the cells were plated as single cells or at a high cell density. (B) L CLD4 (top) or parent L cells (bottom) were grown until confluent. The cells were incubated in HBSS À containing 2 mM EGTA until the majority of the cell-cell contacts were lost, but not detached from the substrate. After washing, monolayers were incubated in the cell culture medium for 4 h. The cells were lysed before (confluent) and after calcium depletion (EGTA), and after changing to the normal cell culture medium for 4 h (restoration) to analyze the phosphorylation of ephrin-B1 as described in (A). phosphorylated ephrin-B1, with the phospho-specific antibody generated against Tyr317 of ephrin-B1. Tyr317 of ephrin-B1 (corresponding to Tyr305 of mouse ephrin-B1) is phosphorylated when stimulated with EphB2, and is a critical requirement for interaction with Grb4 (Bong et al, 2004) . In the L ephrin-B1, tyrosine phosphorylation of ephrin-B1 was not observed, regardless of the cell density involved (Figure 6 , columns A and C). On the other hand, the L ephrin-B1 CLD1 showed the tyrosine phosphorylation of ephrin-B1 clearly at the cell-cell contact sites, although it was not detected in single isolated cells (Figure 6, columns B and D) . The same results were obtained when L CLD4 were used (data not shown), while these observations were further supported by the same analysis using MDCK ephrin-B1 Tet-ON cells, where CLD1 and CLD4 were endogenously expressed (Supplementary data 4) .
In the L and MDCK cell lines used in this study, there was no detectable expression of EphB2 exposed through immunoblot analysis (data not shown). The enhancement of the tyrosine phosphorylation of EphB2 was not detected after these cells were treated with ephrin-B1-Fc (Supplementary data 5A). Moreover, when L or MDCK cells were incubated with ephrin-B1-Fc, the membrane-bound ephrin-B1-Fc was not detected following staining with anti-Fc antibody (Supplementary data 5B). The treatment of the cells with an excess volume of soluble ephrin-B1 blocks receptors to interact with membrane-bound ephrin-B1 in trans, thereby shutting off the reverse signaling. On the other hand, the ephrin-B1 phosphorylation level was not attenuated in the L and MDCK cell lines through the addition of ephrin-B1-Fc (Supplementary data 5C), indicating that receptors stimulating ephrin-B1 are not detected in these cells.
Phosphorylation of ephrin-B1 is enhanced by ECD of CLD1
In order to evaluate the possibility that claudin-claudin trans interaction enhances the tyrosine phosphorylation of ephrin-B1, CLD1-Fc fusion protein was prepared. For mimicking the trans interaction between claudins mediated by the intercell contacts, the first and the second ECDs of CLD1, which were linked by flag-epitope tag, were fused to the Fc region of immunoglobulin. Preclustered CLD1-Fc attached to HT29 cell membrane, and at least a part of CLD1 in the cell membrane was colocalized with the CLD1-Fc ( Figure 7A) . Moreover, the endogenous CLD1 protein was co-precipitated with CLD1-Fc ( Figure 7B, top) . These results indicate that the CLD1-Fc fusion protein effectively binds to the cellular CLD1 at the cell surface. The induction of ephrin-B1 phosphorylation was not evident by adding the preclustered soluble CLD1-Fc in the culture medium of L ephrin-B1 CLD1 (data not shown). On the other hand, when the cells were plated on preclustered CLD1-Fc-coated plates, ephrin-B1 was phosphorylated on tyrosine residues ( Figure 7B, bottom) . Although the enhanced phosphorylation of ephrin-B1 was detected within 30 min after the cells were attached on the CLD1-Fc precoated plates (data not shown), we noticed faster attachment of CLD1-expressing L cells on CLD1-Fccoated plate compared to that on albumin-coated plate. On the other hand, no significant difference was observed in cell attachment and spreading between these two plates at 3 h after plating, when our biochemical analyses were performed. To further confirm this result, we examined the induction of ephrin-B1 phosphorylation using CLD1-Fccoated microbeads. When clustered CLD1-Fc beads were added on L ephrin-B1 CLD1, phosphorylation of ephrin-B1
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Ephrin-B1 was detected on cell membrane contacting to the bead ( Figure 7C ). Moreover, ephrin-B1 was concentrated at the bead-cell contact sites ( Figure 7C ). On the other hand, we could not detect either phosphorylation or concentration of ephrin-B1 at the contact sites to the control Fc-coated beads.
Tyrosine phosphorylation of ephrin-B1 affects cell-cell adhesion
In order to understand the biological effects of the interaction of ephrin-B1 with claudins, we examined its potential influence on cell-cell adhesion. No significant morphological change in the confluent MDCK cells was observed even when ephrin-B1 expression was induced by doxycycline ( Figure 8A , 'No Treatment'). On the other hand, apparent delay in the restoration of the cell-cell adhesion after calcium switch (see Materials and methods) was observed by inducible expression of ephrin-B1 ( Figure 8A ). To quantify this morphological observation, paracellular flux of fluorescencelabeled dextran was monitored in MDCK cells. The decrease in paracellular flux after calcium switch was also delayed in cells overexpressing ephrin-B1 ( Figure 8B ). The effects of various ephrin-B1 mutants on cell adhesion were next compared by expressing wild type or mutants of ephrin-B1 through adenovirus-mediated gene transfer in confluent MDCK cells. Expression of wild-type ephrin-B1 slightly increased the permeability compared to expression of control GFP ( Figure 8C, top) . The difference was enhanced when the permeability was measured periodically during the weak treatment of the cells with calcium-chelating agent under the condition that phosphorylation of wild-type ephrin-B1 was still maintained (Figure 8C, bottom) . On the other hand, the expression of ephrin-B1 lacking the cytoplasmic region (Dcyto) and the ephrin-B1 with the mutation of tyrosine residues in the cytoplasmic region (4YF) did not greatly affect the paracellular permeability ( Figure 8C ). In contrast, the expression of ephrin-B1 mutant lacking the valine at the carboxyl-tail (DV), which is reported to be critical for binding PDZ domain-containing proteins, The cell lysates were precipitated with protein-G Sepharose, and subjected to IB with anti-CLD1 antibody. Bottom: L ephrin-B1 CLD1 were seeded at a low cell density on the plates coated with EphB2-Fc, BSA, or CLD1-Fc, as described in Materials and Methods. Ephrin-B1 was immunoprecipitated from the cell lysates 3 h after plating, and subjected to IB with 4G10. Values below each band are relative density of the bands. The same filter was re-hybridized with anti-ephrin-B1 antibody.
(C) Microbeads precoated with claudin-Fc or control Fc were added to L ephrin-B1 CLD1. After 30 min incubation, cells were fixed, and immunostained with anti-pTyr ephrin-B1 or anti-ephrin-B1 (C18) antibody, which reacts with the C-terminal region of ephrin-B1 together with TOTO-3 iodide. The positions of the beads were marked with asterisks.
increased the permeability as well as wild-type ephrin-B1, suggesting that this residue is not crucial for the regulation of cell-cell adhesion. These results suggest that ephrin-B1 affects cell-cell adhesion depending on its tyrosine phosphorylation.
Discussion
Examination of the mode of association between claudin andephrin-B1 revealed that claudin associates with ephrin-B1 on the same cell surface. The formation of cell-cell contact remarkably enhances the phosphorylation of ephrin-B1 in a claudin-dependent manner. Our result further suggests that claudin-ephrin-B1 complex attenuates cell-cell adhesion through the phosphorylated cytoplasmic domain of ephrin-B1 (Figure 9 ). The association of ephrin-B1 with CLD1 and CLD4 was detected in the single cells. On the other hand, ephrin-B1-Fc did not bind to the CLD1 expressed on the cell membrane ( Figure 7B) , and, similarly, CLD1-Fc in the culture medium did not bind to ephrin-B1 (data not shown). Together with the observation that claudins did not stimulate the phosphorylation of ephrin-B1 in opposing membrane through the overlay coculture method (Supplementary data 3A), these results suggest that ephrin-B1 and claudins associate in cis on the same cell membrane, but not in trans.
In order to propose the novel mechanism for the activation of ephrin-B1 reverse signaling though claudins, we showed the ephrin-B1 phosphorylation in several cell lines in which the effects of cognate receptor EphB appear to be little or negligible. In COS1 cells, which were used to show the effect of claudin ECD1 on the phosphorylation of ephrin-B1, very little amount of EphB2 receptor was detected (Supplementary data 5A), there remaining a slight possibility that this receptor affects the phosphorylation state of ephrin-B1. Actually, there is a possibility that overexpressed claudin enhanced cell-cell interaction, which resulted in increased EphB2-ephrin-B1 interactions and enhanced ephrin-B1 phosphorylation. Therefore, HEK 293 cell, which according to several reports do not contain detectable levels of Eph receptors that bind ephrin-B1, was also used to confirm the results ( Figure 3B ) (Zisch et al, 2000; Miao et al, 2005) .
The cognate receptors for ephrin-B1 were not detected in L cells and MDCK cells by ephrin-B1-Fc labeling (Supplementary data 5B), and at least EphB1, EphB2 and EphB3 were not detected by RT-PCR in L cells (data not shown). Moreover, ephrin-B1 phosphorylation level was not attenuated by the addition of soluble ephrin-B1 in L and MDCK cells (Supplementary data 5C), which was consistent with the observation that soluble ephrin-B1 blocks the EphB receptor-stimulated signaling, but does not affect the interaction between ephrin-B1 and claudin on the same cell membrane. Together with the observation that immobilized CLD1-Fc directly phosphorylated ephrin-B1, these results suggest that ephrin-B1 phosphorylation was enhanced by the interaction with claudins.
The phosphorylation of ephrin-B1 in claudin-expressing L cells was markedly increased in the existence of cell-cell adhesion. Although we cannot rule out the possibility that less amount of association between ephrin-B1 and claudin in single scattered cells may affect the phosphorylation level of ephrin-B1 ( Figure 5A ), clustered CLD1-Fc fusion protein coated on the plates or microbeads enhanced ephrin-B1 phosphorylation, suggesting that the intercellular interaction of claudins is most probably required for the phosphorylation of ephrin-B1. This increase in tyrosine phosphorylation cannot be explained by any other adhesion molecules or any cognate receptor for ephrin-B1, since the phosphorylation level of ephrin-B1 in parent L cells did not alter according to cell density ( Figure 5 ). The fact that the incubation of the cells with soluble clustered CLD1-Fc was not as effective for the phosphorylation of ephrin-B1, suggests a functional difference between soluble clustered claudin and the endogenous claudin on the cell membrane. It is well known that the clustering of ephrin-B1 on the cell membrane represented the trigger of its phosphorylation when stimulated by the EphB2-Fc fusion protein. The intercellular interaction of claudins may enhance the local concentration of associating ephrin-B1, resulting in oligomerization and the activation of ephrin-B1 as a substrate of SFK. As the isolated ECD1 of CLD1 or CLD4 could not activate tyrosine phosphorylation of ephrin-B1, such concentration of ephrin-B1 may not be induced by the isolated ECD1 of claudins. Alternatively, the intercellular interaction of claudins may directly stimulate the activation of SFK, which in turn phosphorylate ephrin-B1 associating with the claudin. However, the presence of such activation of the SFK in response to the intercellular interaction of claudins is as yet unknown. In addition, the cause of the basal level of ephrin-B1 phosphorylation in parent L cells is not still clear. There still remains the possibility that some other mechanism causing the slight phosphorylation of ephrin-B1.
Ephrin-B1 increased the degree of paracellular permeability, which is a consequence of the tyrosine phosphorylation of the cytoplasmic domain of ephrin-B1. This result suggests that the interaction of claudins with ephrin-B1 attenuated cell-cell adhesion through a cellular signal transduction through phosphorylated ephrin-B1, rather than physical interference with claudins to make homophilic clusters. The measurement of the permeability of low-molecular-size dextran is commonly used for the assessment of tight junctions. However, phosphorylated ephrin-B1 does not seem to exclusively modify the function of tight junctions, because it affected the gross change of cell-cell adhesion. Although the phosphorylation of ephrin-B1 was induced by claudins, further precise examination is necessary to determine which adhesion molecule is the primary target of phosphorylated ephrin-B1. The ephrin-B1 phosphorylation does not regulate cell-cell adhesion through the modification of the expression levels of the proteins composing tight or adherence junctions. For example, the overexpression of ephrin-B1 in MDCK cells induced by doxycyline did not change the protein expression levels of CLD1, CLD4, ZO-1, E-cadherin and b-catenin (data not shown).
The expression of ephrin-B1 increased the permeability during both the processes of destabilizing the cell adhesion through EGTA treatment and restoring cell-cell adhesion after the calcium switch. The intracellular localization of claudins may therefore be important for the ephrin-B1-mediated regulation of cell-cell adhesion. When claudins are localized to tight junctions in a restrictive manner, ephrin-B1 may not be phosphorylated widely. In our assay of paracellular flux, overexpression of ephrin-B1 was induced in MDCK cells by adenovirus infection after the cells reached confluent, which might be the reason why ephrin-B1 did not increase the permeability effectively without treatment of the calciumchelating agent. The disruption of tight junctions through calcium depletion leads to the presence of naive cell-cell contacts with the diffusion of claudins on the cell membrane, which may further stimulate ephrin-B1 phosphorylation more widely, and accelerate the cell dissociation. The intercellular interaction between claudins occurs also in naivecontact cells, which do not possess the mature tight junction strands. In the calcium-switching process, the formation of new cell-cell contact triggers the ephrin-B1 phosphorylation, which may then delay the construction of the firm cell-cell adhesion. Such mechanisms may be also involved in the event of epithelial-to-mesenchymal transition during the invasion and metastasis of some carcinoma cells. Alternately,
EphB-independent signaling Cell-cell adhesion ephrin-B1-expressing MDCK cells may be settled in a 'ready to dissociate' state when they are confluent. Upon the depletion of the extracellular calcium, the breaking up of cell-cell adhesion structures might be accelerated in these cells. The morphological observation of ephrin-B1-expressing MDCK cells ( Figure 8A ) also suggests that the phosphorylation of ephrin-B1 may affect the spreading of the cells resulting from the modification of cell-to-substrate adhesion. Recent studies show that cell adhesion can trigger ligandindependent activation of growth factor receptors (Comoglio et al, 2003) . For example, EGF receptor associates with E-cadherin. Following the cell-cell contact formation, an EGF receptor was found to be phosphorylated on tyrosine residues, which in turn activated MAP kinase and Rac in the absence of EGF stimulation (Pece and Gutkind, 2000; Betson et al, 2002) . Claudins may play roles in translating environmental cues into intracellular signals through coupling with ephrin-B1 according to our results. Some of the claudins are frequently overexpressed in many cancer cells from the studies involving screening of the genes preferentially expressed in malignant cells. Therefore, claudins may play significant roles in carcinogenesis or the progression of cancers. In HT29 colon cancer cells, ephrin-B1 and claudins were found to be diffusely localized on the cell membrane, which may increase the chance of inducing ephrin-B1 phosphorylation. Novel signaling through the interaction of ephrin-B1 with claudins may inhibit the formation of tight adhesive structures during the process of cell-cell contact in some carcinoma cells, which may, in turn, affect malignant phenotypes such as invasion and metastasis of the carcinomas.
Materials and methods
Plasmids and antibodies, cDNA library, cell culture, IP and cell staining Plasmids and antibodies used in this study and the methods of the library screening, cell culture, IP and cell staining are described in Supplementary data 1.
Preparation of CLD1-Fc-coated beads
Latex-sulfate microspheres (5.2 mm diameter; Interfacial Dynamics Corporation) were coated with CLD1-Fc fusion protein as reported (Honda et al, 2003) . Briefly, beads were suspended in 0.1 M borate buffer, pH 8.0, and incubated with goat anti-mouse IgG (Fc-specific) antibody (ICN). After the beads were washed with PBS, the beads were then incubated with CLD1-Fc protein. After the incubation, the beads were washed three times with PBS, and resuspended in PBS containing 5 mg/ml bovine serum albumin (BSA).
Generation of adenoviruses and adenoviral infection
To generate recombinant adenoviruses, cDNAs encoding wild type or various mutants of ephrin-B1 were subcloned into the vector pShuttle-CMV (Stratagene). Transposition of the ephrin-B1 cDNAs from the pShuttle-CMV into pADEasy-1 (Stratagene) created the adenoviral vectors pAD-ephrin-B1 (wild type, Dcyto, 4YF, DV), where the transgenes were under the control of a CMV promoter. Recombinant adenoviral DNA was transfected into 293 human embryonic kidney cells to allow the production of adenoviral particles. The titer of adenovirus stocks was determined by an Adeno-X rapid titer kit (Clontech). Confluent MDCK cells grown on Transwell filters or glass coverslips were infected with adenoviruses at a multiplicity of infection (MOI) of 5 in medium containing 10% FBS. Following incubation for 12 h, the virus-containing medium was removed and fresh medium containing 10% FBS was added. The infected cells were used for the permeability assay 48 h after the infection.
Paracellular permeability assay MDCK cells were grown until confluent in Transwell chambers, then the cells were either left untreated or treated with doxycycline (2 mg/ml) for 48 h prior to subject to the assay. In some experiments, the medium of both the upper and lower wells was replaced with Hank's balanced salt solutions (HBSS À ) containing 2 mM of EGTA for the indicated period. We performed the experiments under the conditions of cell-cell contact remaining after treatment with EGTA, which was confirmed through the microscopic observation. In some experiments, the monolayers were allowed to recover in the calcium-containing medium (calcium switch) with 0.5% FBS for the indicated period. Then, the upper well was replaced to the normal medium containing 0.5% FBS with FITC-dextran (MW 3000) at a concentration of 10 mg/ml. Following incubation for the indicated period, samples were taken from the lower compartment of the Transwell chambers. The amount of FITC-dextran in the lower wells was measured using Beacon 2000 (Takara), with an excitation wavelength of 490 nm and detection of emissions at 530 nm. Student's t-test was used to analyze data from four independent experiments, each in duplicate.
Supplementary data
Supplementary data are available at The EMBO Journal Online.
